The abundance of polyploidy among flowering plants has long been recognized, and recent studies have uncovered multiple ancient polyploidization events in the evolutionary history of several angiosperm lineages. Once polyploids are formed they must get locally established and then propagate and survive while adapting to different environments and avoiding extinction. This might ultimately lead to their long-term evolutionary success, where their descendant lineages survive for tens of millions of years. Along this road to evolutionary success, polyploids must overcome several obstacles, to which several genetic and ecological factors are likely to contribute. One recurrent observation, based on present-day polyploids, has been the high frequency of polyploids in harsh environments. Also, recent studies proposed that the success of certain ancient polyploids might be linked to periods of climatic change. Although we are still in the early stages of unraveling the factors that resulted in the long-term evolutionary success of ancient polyploids, the advances in genomic sequencing and molecular dating methods promise to enhance our understanding. It, therefore, seems timely to review our current knowledge of what determines the success of polyploids. Here, we discuss especially how harsh conditions or periods of climatic change might affect the rate of formation, establishment, persistence and long-term evolutionary success of polyploids in angiosperms.
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The polyploid nature of angiosperms
The genomic data accumulating from various species shows that most angiosperms have undergone one or more polyploidizations, or whole-genome duplications (WGDs), in their evolutionary history. [1] [2] [3] [4] [5] This means that on several different occasions, a newly established polyploid species or population managed to persist long enough to become an evolutionarily successful lineage, in the sense that at least one or more extant species descended from that polyploid ancestor so that we can observe traces of that polyploidy event within the genomes of extant species. The question is what determined the evolutionary success of these polyploids, and why did these particular polyploids attain evolutionary success.
The process that leads to the evolutionary success of polyploids can be characterized by the following phases ( Figure 1 ): the formation of individual polyploids, followed by their establishment and subsequent persistence, ultimately leading to their long-term evolutionary success. 6, 7 Although this is a continuous process and there are no clear boundaries between each phase, we will loosely define them for the sake of clarity throughout the article. Once individual polyploids are formed, they have to get locally established, meaning that a number of polyploids have undergone successive generations and exist as a viable, independent population, reproductively isolated from their parental taxa. The persistence of polyploids can be viewed as a phase which involves their further propagation and survival by, in some cases, adapting to different environments. However, not all polyploids that persist will attain long-term evolutionary success because of a background extinction rate causing species or taxa to disappear due to various factors such as competition or climatic changes. Long-term evolutionary success will be defined here as survival of a polyploidderived lineage for tens of millions of years, regardless of the number of species it gave rise to. Polyploidy can be generally considered to be disadvantageous 8 and polyploids often exhibit lower fertility and reduced fitness compared to their diploid progenitors. 9 In addition, their mating opportunities are often limited because triploids that are formed by crosses between tetraploids and diploids are thought to be less viable and fertile compared to diploids, 9 and the less frequent cytotypes within a population are more likely to get excluded. 10 Despite these various disadvantages and obstacles that polyploids have to overcome, their local establishment and short-term persistence is not such a rare event, and polyploids have managed to attain long-term evolutionary success on some occasions during the evolutionary past of angiosperms. Several articles have reviewed the different ecological and genetic factors regarding the formation and the subsequent establishment and persistence of polyploids. 6, 7, [11] [12] [13] [14] One frequently cited observation is that polyploids are often abundant in harsh and unstable environments, and that they often occupy new niches in which their diploid progenitors could not survive. For instance, polyploids have been reported to be abundant at high latitudes and high altitudes, 11,12 a wellknown example being the high frequency of polyploids in arctic areas. 15, 16 So what are the different factors that might explain the apparent association between polyploidy and environmental changes or harsh conditions, and how might these affect the chances for polyploids to get established and persist?
Establishment and persistence of polyploids

Non-adaptive, mechanistic factors
Various mechanistic factors can influence the chances of polyploids getting established and persisting in unstable and harsh environments. The first step in the establishment of polyploids is the formation of individual polyploids. Polyploids often form when unreduced (2n) gametes are produced due to errors during meiosis, 9 and the number of unreduced gametes can increase under fluctuating conditions, such as large changes in temperature, or on exposure to cold. 17 This will lead to a higher number of polyploids within a population, which will increase their chance of mating. It has been suggested that the high frequency of polyploids under harsh conditions might be because of the increase in the production of unreduced gametes under stress. 9 In addition, the population size is likely to have a large effect on the establishment of polyploids. 6 The chance for a random trait to sweep and take over the population will become much higher if the population size is small, and it has been suggested that the chance effects that occur in small populations could be the most determinant factors in the establishment of polyploids. Under extreme conditions, in which many individuals cannot survive, the population is expected to be small, and the chances of polyploids propagating and becoming established might become much bigger.
Polyploidy has often been linked to different reproductive strategies such as selfing, asexual reproduction, and perennial life-cycle, which might also affect their establishment and persistence. 18 A recent study that used data from 235 species of flowering plants found that polyploids often have a higher rate of self-fertilization than their diploid relatives. 19 Their ability to self or to propagate clonally would allow the polyploids to reproduce and propagate without mating partners and a perennial life-cycle will provide them with a longer opportunity to find mating partners of the same cytotype. 11 These reproductive strategies might provide a competitive advantage when mating opportunities are scarce in unfriendly environments in which it is difficult for most individuals to survive, or upon dispersal to new niches that become available under periods of environmental change.
Periods of rapid climatic change would result in various changes in the ecosystem, which would free and make available many niches because several species which had adapted to local, specific environments are likely to become extinct. 20 The lack of available niches can limit the successful establishment of polyploids. It was observed that the recently formed allopolyploid plant York groundsel (Senecio eboracensis) is facing extinction because it has not been able to colonize new niches. 21 Thus, an increase in the number of empty, available niches would increase the possibility for newly formed polyploids to expand their distribution and colonize new niches without facing competition from their diploid parents. Also, Dynesius and Jansson 22 predicted that periods of climatic change would select for generalists with high vagility (dispersal ability and propensity) rather than specialists that adapt to very specific, local environments. They suggested that this would work against gradual speciation (caused by gradual changes over many generations), and result in a higher proportion of species formed by abrupt mechanisms such as polyploidy. 22 
Adaptive, genetic factors
The doubling, or merging, of genomes can result in genomic rearrangements, 23 epigenetic reprogramming, 24 and changes in expression pattern, 25 resulting in polyploids that can differ largely from their diploid parents both in genotype and in phenotype. Although many of these changes are likely to be disadvantageous, 8 especially under stable conditions and in the original environment to which the diploid progenitors are presumably well adapted, a changed environment might result in polyploid individuals having a selective advantage. 13 The fact that polyploids have an extra set of genes has been proposed to result in various adaptive advantages. Having an extra copy can allow genes to take on new functions without altering the original gene function, whereas duplicated genes can also have a wider range of expression patterns. 26 Polyploids are more likely to have increased heterozygosity and can achieve a much higher number of combinations of alleles, while novel combinations of gene regulatory factors might also arise. 13, 27 A recent study showed that this could lead to polyploids being more resistant to pathogens compared to their diploid progenitors. 28 Such potential advantages are especially pronounced when polyploids are allopolyploids and are hybrids between two distantly related individuals, or if they are formed recurrently. 29 Many of the factors discussed above, and possibly many others, can potentially influence the successful establishment and persistence of polyploids. These need not be mutually exclusive, and it is likely that the combination of these factors will enhance the chances for polyploids to get established. The main question remains how these factors interact and contribute to the establishment of polyploids under different conditions. Some studies have attempted to address this question by modeling the establishment and persistence process of newly formed polyploids. More than a decade ago, Felber 30 studied the rate of unreduced gamete production necessary for tetraploids to outcompete diploids under different fertility and viability. The author concluded that the conditions for the establishment of polyploids are rather restrictive, and that a large increase in the unreduced gamete production induced by environmental or genetic changes, or chance processes in small populations, would be required in most cases. Some recent studies have extended these results by accounting for various additional parameters. Li et al. 31 suggested that the mode of seed/pollen dispersal and the heterogeneity of the environment have a considerable effect on the rate of unreduced gamete production required for polyploids to become established. Building upon the results of Li et al., 31 Baack 32 suggested that higher rates of self-fertilization and higher competitive advantage both lead to an increase in the probability of tetraploid persistence, and also that shorter dispersal distance of seed and pollen increases the probability. Rausch and Morgan 33 showed the importance of small population size and low inbreeding depression in tetraploids. These studies imply that several factors can lead to the establishment and persistence of polyploids, and further efforts in modeling, while accounting for various conditions, is likely to further enhance our understanding of the establishment and persistence of polyploids.
Do polyploids have a competitive advantage over their diploid progenitors?
The genetic characteristics of polyploids discussed above can, in theory, provide polyploids with an intrinsic advantage over diploids and enable them to more successfully colonize new environments. However, does this mean that polyploids have an intrinsic competitive advantage over diploids, or are they better able to adapt to and colonize harsh environments compared to their diploid progenitors? So far, it has been difficult to prove that polyploids in general have a higher adaptability or ecological tolerance compared to their diploid progenitors. For instance, Martin and Husband 34 compared the geographical and ecological ranges of polyploids and diploids taking their phylogenetic history into account, but could not find any significant differences in the ranges of polyploids and their diploid relatives. Another recent study reported an example in which diploids had a higher fitness and are replacing polyploids. 35 The supposed link between polyploids and harsh environments can often, at least partly, be explained by mechanistic factors discussed above, such as the rate of unreduced gamete production or reproductive mechanisms. 9, 18 The abundance of polyploids in arctic regions is probably partly due to the abundance of selfers, 18 and the abundance of polyploids in higher latitudes could be largely due to the large proportion of perennials in such regions. 36 Compared to normal conditions in which the diploids are expected to have a much higher fitness and higher frequency than polyploids, the change in environment and/or migration to new niches would increase the relative fitness of polyploids over diploids, and increase the frequency of polyploid individuals, which would lead to a higher probability for polyploids to become established and persist than under normal conditions. Also, if the only niches available are harsh environments, the fraction of polyploids would consequently be higher there, although the polyploids that did successfully colonize such environments were probably those that succeeded in adapting, and their duplicated nature might have been utilized for their successful adaptation. Thus, although theoretical studies and various observations suggest that polyploids do have a better chance to get established under harsh conditions or climatic changes than under normal circumstances, it is important to note that this is not equal to saying that polyploids are more adaptive than diploids. tors that can determine the establishment and persistence of polyploids. We have also discussed how extreme conditions or changing environments might increase the chances for polyploids to survive. However, the local establishment and short-term persistence does not necessarily mean long-term evolutionary success. Despite the fact that most angiosperm lineages are likely to be paleopolyploids, 1-3 the number of ancient genome duplications in plants is still exceedingly rare. While some lineages have undergone one or two additional genome doublings, 4,5 others do not seem to have undergone a single additional WGD in the past 100-150 million years ago (i.e. since the hexaploidy event is the common ancestor of most eudicots). Considering the abundance of present-day polyploids, one might argue that the number of ancient WGDs that we can detect in the genomes of angiosperms seems to be low. 20 Our current understanding of ancient WGDs in angiosperms is still based on a limited number of fully sequenced genomes and EST collections, and further sequencing of plants from different clades will probably reveal more cases of ancient polyploidy. Nevertheless, it is also likely that most of the present-day polyploids will not survive in the long-term. One explanation might lie in the regular birth-and-death process of species. New plant species constantly arise and disappear, resulting in a gradual turnover of the vegetation on Earth, and the number of young extant species is likely to be much higher than the number of old extant species. 37 An alternative explanation might be that, even after polyploids have become established and have attained a considerable population size and range, they are at a higher risk of extinction than that of diploids, and their mean longevity is shorter than that of diploids. As far as we know, there are very little data available to either support or refute this hypothesis. The origination rate, extinction rate, and longevity of species have been studied on several occasions. [37] [38] [39] However, we do not know how these parameters differ between polyploids and diploids. One limitation is that for many lineages, we do not know the number and timing of polypoidy that occurred in the evolutionary past of that lineage. Wood et al. 40 attempted to overcome this by estimating the number of ploidy-changes based on the distribution of chromosome numbers, although it is unclear how well their estimation matches reality as large chromosome number reductions can occur shortly after polyploidizations. 41 Mayrose et al. 42 devised a probabilistic model to infer the number of polyploidization events along a phylogeny based on chromosome numbers, and such efforts might help our understanding of the evolutionary process of polyploid-derived lineages in the absence of genomic data. Another complication is that the extinction rate is difficult to estimate, and tends to be rather hypothetical in many cases. 38 A better understanding of the extinction rate of polyploids will undoubtedly enhance our understanding of their evolutionary dynamics.
Long-term evolutionary success of polyploids
It is also important to consider the different phases outlined in Figure 1 when discussing various characteristics of polyploids, and the differences between diploids and polyploids. The extinction rate and range distribution is likely to differ depending on the phase, and different factors might influence the success of polyploids in different phases. For instance, polyploids in their initial stages of establishment will often have a small population size and restricted distribution, and consequently a higher risk of extinction and smaller chance of long-term survival. 21 This differs from new species that emerge as a result of gradual speciation caused by geographical isolation and potentially already have a large population size to start with. By contrast, polyploids in their latter phases are those that have managed to attain a considerable population size and range, and might have different characteristics and a lower risk of extinction, although we do not know how their extinction rates would compare with that of diploid species. Also, some characteristics that are advantageous for their short-term success might not be advantageous for their long-term evolutionary success. Indeed, although switching to asexual reproduction or selfing might favor the rapid establishment of a polyploid, such reproductive strategies would often result in reduced genetic variability, which might not be advantageous for surviving under fluctuating environments. On the other hand, having a larger genetic variation within the population might allow adaptation to a wider range of environments which could be crucial for expanding their range and surviving in the long-term, especially as low genetic variation can be a limiting factor for the distribution of a species. 43 Also, having an entire extra set of genes might give the polyploid lineage a long-lasting potential for adaptation and diversification. 21, 44, 45 Thus, comparative studies of polyploids and diploids regarding factors such as their range, adaptability, or diversification potential is likely to be affected by the different phases of the sampled polyploids. Recent studies on the range or diversification rate have treated polyploids of all ages equally, 34, 46 and taking into account the different stages of establishment could be one of the next steps in order to imoprove our understanding of the evolutionary dynamics of polyploids.
Article
Here we have considered the long-term evolutionary success of polyploids simply by their survival, regardless of the degree of their subsequent diversification. It is nevertheless worth discussing the potential link between polyploidy and species-richness or diversification 5, 40, 47, 48 because species richness and diversity are often good indicators of the survivorship of a clade. 37 Although it has frequently been suggested that WGDs might be correlated with species-richness and can result in a radiation of species, some studies have failed to find an increase in species-richness or speciation associated with polyploidy. 40 , 46 Meyers and Levin 49 suggested that the abundance of polyploids or polyploid-derived lineages in plants can be explained by a simple mathematical model by which polyploids accumulate because it is an irreversible mutational process, and their hypothesis may serve as an ideal null model when evaluating the diversification of polyploid-derived lineages. However, many of these discussions might still be missing some crucial aspects. First, although recent studies have accounted for the phylogenetic history of diploids and polyploids, they have not considered their different distribution and ranges, or the different possible phases of polyploids (Figure 1) . The range of a species is considered to be a major indicator of its ability to avoid extinction and diversify. If polyploids in their early phases when their ranges are still limited are included, as opposed to those in the latter phases when they are well-established and have propagated, this could be a confounding factor when comparing the survivorship and diversification rate of diploids and polyploids. Second, as Crow and Wagner 50 argued, adaptation of polyploids and increased diversification is a process that occurs in response to, or is determined by, various ecological processes. Although polyploidization does not always result in a radiation of species, it is likely that ecological opportunities (e.g. available niches) will be a limiting factor. The potential for adaptation and diversification is likely to manifest itself when confronted with the need to adapt, such as in response to environmental changes, or when an ecological opportunity arises. Thus, rather than simply asking whether polyploids, in general, are associated with an increased species-richness compared to diploids, perhaps a more relevant question would be how do diploid and polyploid lineages differ in the way they adapt and radiate when presented with the same ecological pressure and opportunity.
Success of ancient polyploids and periods of climatic change
If indeed polyploids have a higher chance of becoming established under rough or changing environments, compared to normal, stable conditions, we would expect a longterm and global period of such conditions to result in a larger frequency of polyploids that do become locally established, which would in turn result in a larger frequency of established polyploids that do attain long-term evolutionary success. Another important aspect associated to periods of climatic change is the number of empty niches created due to many existing species becoming extinct by not being able to adapt to the changing environment. 20 This would give the opportunity for newly established polyploids, or those that were already established but confined to limited localities, to propagate and expand their habitats and in some cases become dominant players in the new ecological system resulting in a successful radiation of species. 45 Although it is apparent that polyploids succeeded in attaining long-term evolutionary success in various different lineages in the evolutionary history of angiosperms, 4, 5, 48 determining the timing of the origin of ancient polyploids is by no means a trivial task, and the conditions and environments surrounding the formation and establishment of ancient polyploids are often largely unknown. Two recent studies proposed links between ancient WGDs and periods of climatic change. 51, 52 Fawcett et al. 51 dated many ancient WGDs in different plant families to approximately 60-70 million years ago, a time period overlapping the Cretaceous-Tertiary (K-T) boundary. This period is characterized by catastrophic events leading to global changes in the environment, resulting in an ecological upheaval and major disturbance of the vegetation. 53, 54 Mass extinction events, such as the K-T extinction event, are known to create new evolutionary opportunities, and post-extinction rebounds are thought to play a crucial role in changing the course of evolution. 55 The recovery of the vegetation after the K-T boundary probably took a million years or more in several localities, 56 providing many opportunities for various lineages to colonize new niches and proliferate in the new ecosystem. Also, the number of new species per se that originated after the extinction event could have increased, and it has been shown by studies on marine animals that the longevity of genera that originated shortly after the extinction event was longer on average than those that originated during periods not associated with extinction events. 39 We argued earlier that limited ecological opportunities might restrict the radiation of a given lineage, and that this could be a confounding factor when comparing the diversification potential of polyploids and diploids because they would not have had the opportunity to realize their full diversification potential. However, these limitations are largely offset in periods of mass extinction due to climatic change. In such periods, the opportunity for both polyploids and diploids to adapt to fluctuating environments and colonize new niches would be ample, and they are more likely to be able to realize their full diversification potential. It is worth noting that some of the most species-rich families in plants (e.g. Poaceae, Solanaceae, Fabaceae), which are thought to have given rise to a large number of species after the K-T extinction event, seem to have undergone polyploidizations close to the time of the K-T extinction event (note that not all lineages underwent polyploidizations around this time period, e.g. the lineages of grapevine and papaya 1, 2 ) . Although data to systematically compare the diversification rates of lineages that did experience a WGD around this period to those that did not are still limited, this might indeed underlie the large potential for polyploids to diversify, adapt, and occupy new niches.
Couvreur et al. 52 provided a comprehensive phylogeny and divergence dates of the Brassicaceae. The origin of this plant family was dated to approximately 37 million years ago, and an accelerated rate in diversification was detected from approximately 32 million years ago in the core Brassicaceae. It is thought that a drastic global cooling that occurred approximately 33 million years ago 57 resulted in the extinction of several 'moister' clades and an increase in deciduous/dryadapted flora in Europe. 58 The authors suggested that the Brassicaceae family originated as a tropical/subtropical family under a warm and humid climate, and that the evolution of some key characters and adaptation to the more arid and cool climate might have enabled them to radiate, whereas other tropics-adapted Brassicaceae probably went extinct due to the global cooling. 52 The authors went on to propose that the WGD thought to have occurred approximately 30-40 million years ago 51, 59 in the evolution of Brassicaceae might have contributed to their successful adaptation and radiation, and that the increase of new available niches laid the platform for the polyploid lineage to undergo rapid adaptive radiations and survive in the 
Concluding remarks and future perspectives
Here, we have discussed several factors attributed to the success of polyploids under harsh conditions and periods of climatic change, and highlighted aspects related to the long-term evolutionary success of polyploids. Although the significance of polyploidy in the evolution of angiosperms has been discussed for decades, 6, 8, 11, 12, 36 we are only now beginning to understand its actual impact. A further increase in the number of genomic sequences and improvements in dating methods is likely to result in a better understanding of the timing of each ancient WGD in terms of its phylogenetic placement and ecological context. 4 This should allow us to link the accumulating knowledge on recent polyploids and ancient, cryptic polyploids, and understand the impact of polyploidy in a broader evolutionary context. It must be noted though, that several different genetic, ecological, physiological, and morphological aspects have been associated with polyploidy, underlying the potential and also the complexity of polyploids. 60 Identifying how these various possible factors interact with each other and contribute to the evolutionary success of polyploids will also become crucial.
